Bovine viral diarrhea virus (BVDV) is an ubiquitous pathogen of cattle and has been reported in other ruminants. It is also frequently present in laboratory and biological materials as an adventitious agent. This virus is difficult to detect in some specimens, especially in the presence of specific antibody and when the virus is present in low concentrations. In this paper, we describe a single polymerase chain reaction (PCR) to amplify virus sequences from infected cell culture and a nested double PCR to detect small concentrations of several virus strains in sera.
Bovine viral diarrhea virus (BVDV) is one of the most economically important viral pathogens in cattle. Its high prevalence is reflected by serologic surveys indicating infection rates of 50.90% in cattle. 1 It is a common adventitious contaminant of biological products, fetal calf serum, and cell cultures; a consequence of the difficulty of detecting this organism in such materials.
The virus crosses the placenta very efficiently to the developing fetus and results in the birth of persistently infected animals that act as the main source of infection for other animals. Fetal calf serum, a common ingredient in many laboratory media, is obtained from fetuses in packing plants. A commercial lot of this product consists of pooled sera from many fetuses. Most of these products contain low concentrations of BVDV and BVDV antibodies. The low concentration of the virus in lots of fetal bovine sera and the presence of masking antibodies make detection of the virus by isolation of infectious virus or by immunoassay in such products very difficult. 1, 4 Although limited information on the molecular biology of BVDV is available, sequence data of two cy-topathic strains have been published 3 (Renard A, Dina D, Martial JA: 1987, European Patent Application No. 0208672). These sequences were used to design 11 sets of primers that covered different genomic areas from the 5' end to the 3' end of the viral genome. These primers were used to amplify genomic RNA extracted from infected cell culture using single polymerase chain reaction (PCR) (Alansari H, Potgieter LDN: 1989, Proc Conf Res Workers Anim Dis #47) and were used to develop a nested PCR procedure for amplifying viral RNA extracted from serum using double PCR.
Materials and methods

Cell cultures and BVDV strains
BVDV strains were grown on secondary bovine turbinate (BTU) cell cultures. 11 Cells were grown in 75-cm 2 tissue culture flasks in Dulbecco's minimal essential medium supplemented with 10% horse serum. Cytopathic (CP) BVDV strains included in the study were 72, NADL, and Singer. Noncytopathic (NCP) strains used were 2724,7443, and New York. The origins of strains have been described. 11, 12 Confluent monolayers of BTU cells were inoculated with an appropriate BVDV strain using 0.1 multiplicity of infection and incubated 2-3 days (CP strains) or 5-7 days (NCP strains) at 37 C under humidified 5% CO, atmosphere. pelleted, and 1 ml of the 4 M guanidinium isothiocyanate a denaturing solution was added and mixed. To this suspension, the following were added sequentially: 100 µl of 2 M sodium acetate, pH 4.0; 1 ml of phenol; and 200 µ1 of chloroform. The suspension was placed on ice for 15 min, and the material in the aqueous phase was precipitated with 1 volume of isopropanol. The pellet was suspended in 300 µ1 of the denaturing solution, 300 µ1 of isopropanol was added, and the RNA was precipitated and pelleted as before. The pellet then was washed with 70% ethanol, and the RNA was denatured at 65 C for 15 min. Extracted RNA was used as a template for single PCR.
Extraction of BVDV RNA from serum. Horse serum was diluted 1:1 with Tris-ethylenediaminetetraacetic acid (TE) buffer, and various volumes of a 10-fold dilution of different strains of the virus was added to 13 ml of the diluted horse serum. Tubes were then centrifuged for 2 hr at 150,000 x g at 4 C. Frozen serum samples from persistently infected calves were diluted 1:1 with TE buffer and centrifuged similarily. Viral RNA was extracted from the pellet as above 2 and used as a template in double PCR protocol. RNA was extracted from BVDV-free gnotobiotic calf serum and horse serum in a similar manner to be used as negative controls.
Primer design
Deoxyoligonucleotides 18-24 bases long were synthesized for reverse transcription and primer extension of BVDV complementary (c) DNA in the PCR procedure. These oligomers were designed, based on the published NADL strain sequence, 3 to delineate several regions along the entire length of the BVDV genome (Table 1) and were used to amplify viral RNA extracted from cell culture in a single PCR. For double PCR amplification, 2 sets of degenerate primers (Table 2) were synthesized after comparing the nucleotide sequences of the NADL 3 and the OSLOSS (Renard A, Dina D, Martial JA: 1987, European Patent Application No. 0208672) BVDV strains. Primers were synthesized so that several oligonucleotide species were included to account for all commutations where nucleotides differed between the two strains at certain positions.
cDNA synthesis
Reverse transcription was done with Moloney murine leukemia virus reverse transcriptase (MMLV-RT) a in a total reaction volume of 50 µ1 that included 1-5 µg of total RNA, 50 mM Tris-HC1 pH 8.3, 75 mM KCI, 3 mM MgC1 2 , 200 µM of each deoxynucleoside triphosphate, 0.5 µM downstream primer, 10 mM dithiothreitol, 20 units of human placental RNase inhibitor, and 200 units of MMLV-RT. The mixture was incubated in a 37 C water bath for 1 hr.
Polymerase chain reaction
Thermostable Taq DNA polymerase b was used to amplify cDNA. cDNA was divided into 2 portions and placed in 2 tubes, each of which contained a final concentration of 200 µM of each dNTP and 0.5 µM of upstream and downstream primers in PCR buffer (10 mM Tris-HC1 pH 8.3, 50 mM KCl, 1.5-2.5 mM MgCl 2 , and 0.01% gelatin). The optimal MgCl 2 concentration varied with each primer set used. Two and one-half units of Taq DNA polymerase was added, and the reaction volume was made up to 100 µ1 with water. The reaction mixture was cycled in an automatic thermal cycler using the following temperature profile: 50 C for 2 min (annealing), 72 C for 3 min (extension), and 94 C for 1 min (denaturing). This temperature profile was repeated 25 times, ending with a final annealing and extension period of 2 min and 10 min, respectively. The presence of PCR products was detected by gel electrophoresis in 1% agarose. Specificity of PCR products was determined either by observing the expected size of the product on the gel and/or by hybridization with BVDV RNA.
Double PCR amplification was done using a pair of nested degenerate primer sets. Amplified product produced with the outside primer set (up to 5 µ1) was used as a target for a second PCR with the inside primer set.
Hybridization assay
Specificity of amplified product from infected cell culture was confirmed by performing the hybridization assay. Asym- Figure 1 . PCR amplification of viral sequences from BVDV strain 2724-infected BTU monolayers. cDNA was synthesized from extracted RNA and then amplified with single PCR using different primer pairs. Lanes 1-6 represent amplified products using primer sets 1,2,3,4,5, and 6, respectively. Lane L contains DNA molecular weight size standards. Lanes 7-11 represent amplified products using primer sets 7, 9, 8, 10, and 11, respectively. metric PCR S was used to produce a single-stranded hybridization probe, 404 bases long, using the following primer set designed from the 3' end of the viral genome: (5' T T C C G T T A T C T T C T G A G G T T T 3 ' a n d 5 ' AA-AGCCTGGGACACTCAAGTG 3'). Amplified products produced in such a way were taken through extension reaction using 6 µ1 of alpha 32 P deoxycytidine triphosphatec with specific activity of 3,000 Ci/mmol. The labeled probe was hybridized to various CP and NCP BVDV strains blotted on nylon filters as previously described. 11
Results
RNA extracted from cells infected with CP BVDV strain 72 and NCP BVDV strain 2724 were tested with all the primer sets in the PCR procedure. With the exception of primer set 6, all primer sets resulted in the expected size target sequences (Fig. 1) . The oligonucleotide primer sequences are given in Table 1 .
To check for the specificity of the amplification, a 404-bp amplified product from the 3' end region was hybridized with dot blots from different CP and NCP BVDV strains. The probe hybridized with all CP and NCP strains blotted (Fig. 2) . We also designed and endlabeled an antisense 21-mer oligonucleotide probe (5' TTCCGTTATCTTCTGAGGTTT 3') to hybridize to the middle sequence of amplified products from the 3' end of the genome using primer set 11. This probe hybridized specifically to the above products but not to products from uninfected cultures (data not shown).
Extraction of RNA from serum using phenol, 6 sodium dodecyl sulfate (SDS) in combination with phenol,= or proteinase K in combination with phenol 8 was unsatisfactory because consistent amplification by PCR sitivity of BVDV detection in serum using single PCR amplification and double PCR amplification was compared (Table 4 ). Double amplification was at least 10 times more sensitive than single amplification. Detection of BVDV in frozen serum samples from persistently infected animals was compared using virus isolation and double PCR protocol ( Table 5 ). Negative results were obtained with gnotobiotic negative calf serum, horse serum, and uninfected cell cultures and the "no target" controls.
Discussion
Many targeted sequences along the whole length of the BVDV genome were amplified from two different strains of infected cultured cells. RNA was extracted of viral RNA sequences did not occur. However, BVD viral sequences were reproducibly amplified from serum when guanidinium isothiocyanate was used for RNA extraction from serum (Fig. 3) . Amplification of all strains of BVDV tested in serum occurred reproducibly with the PCR procedure (Table 3 ). The sen- using the potent protein denaturant guanidinium isothiocyanate, which has been used to isolate intact biologically active RNA from RNase-rich tissues. 2 The use of this ingredient and protocol was efficient, fast, reliable, and reproducible.
Although the targeted sequences along the BVDV genome generally were 400-500 bp long, a 1,016-bp sequence was amplified at the 3' end of the genome (primer set 11). The sequence of the BVDV genome flanked by primer set 6 could not be amplified, even though MgCl 2 concentration, annealing temperature, and primer concentration were changed in an attempt to optimize the reaction conditions. BVDV RNA has extensive secondary structure, and perhaps, for this reason, this region did not serve as a good template for the reverse transcription.
The expected size for the amplified product was demonstrated using gel electrophoresis, and the identity of the amplified product targeted in the 3' region of the BVDV genome was confirmed by the hybridization assay.
Results from the method that used proteinase K with SDS to extract viral RNA from infected monolayers and from other methods 6, [8] [9] [10] were not reproducible. Guanidinium isothiocyanate extraction of viral RNA from serum resulted in amplification of viral genomic targets that was much more consistent than when proteinase K or NP 40 extraction was done. Furthermore, centrifugation at 150,000 x g to pellet virus in serum diluted 1:1 in TE buffer improved the sensitivity of detection of virus in serum (data not shown). Dilution may have facilitated pelleting of the virus by centrifugation.
The PCR technique we used to amplify 6 different strains present in sera using a nested set of degenerate primers designed to target the conserved 3' region of the viral genome. The sensitivity of RNA amplification using the first set of primers varied among strains.
However, second amplification using the internal set of primers increased sensitivity of the amplification (Table 3) . Double PCR amplification was at least 10 times more sensitive than was 1 round of PCR (Table  4 ). The use of the nested set of degenerate primers in a double amplification PCR procedure can significantly affect the sensitivity of the technique and may be a useful diagnostic tool for the detection of BVDV present in very low concentrations. The technique can also be applied to large-scale study for identification of persistently infected animals and to identify adventitious virus often present in low concentration in pooled commercial fetal bovine sera.
Compared with viral isolation, PCR is much faster, especially if the biotype in hand is noncytopathic, which takes longer to propagate and is the prevalent form in nature. PCR can tolerate strain variation when using primers designed from a conserved genomic region such as the 3' end. When using PCR to detect BVDV, the requirement of the virus in the sample to be infective for tissue culture can be circumvented because PCR can detect the genomic sequences regardless of the virus infectivity and especially if the virus samples had been frequently frozen and thawed. Serum that had been taken from a persistently infected animal and that had gone through many cycles of freezing and thawing still yielded BVDV sequences with the PCR method ( Table 5 ). The presence of masking antibodies in pooled commercial serum does not affect PCR detection of viral sequences, as it does virus isolation methods.
Recent data suggest that antigenic and genomic variation among BVDV isolates are probably more extensive than originally thought,' which could be one of the reasons for the underdiagnosis of BVDV infections in cattle. Without complete information concerning antigenic variation of BVDV isolates, it is difficult to produce reagents able to detect all strains. Double amplification with degenerate primers designed from a conserved region may be 1 way to overcome this difficulty. Degenerate primers in this study were designed from the published sequence data for 2 different strains, and with the availability of more sequence data about strains, the potential of this approach could be greatly enhanced.
Use of double PCR with degenerate primers in the diagnosis of BVDV infection can overcome many problems associated with current approaches. This method is fast, reliable, sensitive, and less vulnerable to strain variability.
